SUMMARY Recent studies have shown that blood flow during closed-chest cardiopulmonary resuscitation (CPR) results primarily from generalized changes in intrathoracic pressure rather than direct compression of the heart. Since ascending aortic and right atrial pressures rise and fall synchronously and to comparable levels during CPR, we hypothesized that the absence of a pressure difference across the coronary vascular bed during CPR precludes coronary blood flow. To test this hypothesis, we compared high-fidelity ascending aortic and right atrial pressures and carotid and coronary blood flow (electromagnetic flowmeters) during closed-chest CPR in 12 fibrillating dogs. Chest compression force was increased from 40 to 140 pounds in 20-pound increments using a pneumatic chest compression device. Although ascending aortic and right atrial pressures were always similar, high-compression-force CPR produced small mean pressure differences across the coronary vascular bed (5.6 + 0.8 mm Hg [± SEM] at 140 pounds). These pressure differences were accompanied by low levels of coronary blood flow. However, coronary flow was less than 1 % of control (prearrest) values whenever chest compression force was less than 100 pounds, and carotid flow exceeded coronary flow under all conditions (carotid and coronary flows at 140 pounds = 26.2 ± 6.4% and 4.3 ± 2.0% of prearrest values, respectively, p < 0.01). We conclude that generalized changes in intrathoracic vascular pressures during closed-chest CPR promote carotid but not coronary blood flow. High-compression-force CPR produces small pressure differences across the coronary vascular bed, allowing low levels of coronary flow. However, even high-compression-force CPR is over six times more effective in maintaining carotid flow than coronary flow.
RECENT STUDIES have focused attention on the importance of generalized changes in intrathoracic pressure as a mechanism of blood flow during closed-chest cardiopulmonary resuscitation (CPR) ."' This concept evolved from the observation that intrathoracic arterial and venous pressures are similar during chest compression,"2'5 a finding inconsistent with selective ventricular compression and effective atrioventricular valve closure. Increased intrathoracic pressure during CPR is transmitted unequally to extrathoracic arteries and veins due to the presence of venous valves at the thoracic inlet2 and unequal arterial and venous capacitance and resistance to collapse. " I As a result, chest compression produces an extrathoracic arteriovenous pressure difference'" that allows forward blood flow.
Although cyclic variations in intrathoracic pressure can produce carotid blood flow,"l the observation that intrathoracic vascular pressures are nearly equal during CPR suggests that closed-chest resuscitation may be ineffective in delivering blood to the heart itself. Specifically, equality between ascending aortic and right atrial pressures throughout each chest compression cycle would preclude the development of a significant pressure difference across the coronary circulation at any time during CPR. Theoretically, the lack of a pressure difference, or driving force, would pre-flow during closed-chest resuscitation. However, preliminary studies demonstrated that both the difference between ascending aortic and right atrial pressures and the level of coronary blood flow during CPR were dependent upon the force with which the chest was compressed. To Normal saline (500-1000 ml) was administered intravenously before data collection. This was done to increase the levels of arterial pressure and blood flow achieved during CPR.6 In addition, a single i.v. dose of heparin (5000 U) was given to retard clot formation.
Control Coronary blood flow during CPR was a linear function of the mean pressure difference generated across the coronary circulation (r -0.97, p < 0.01, based on average values of both coronary flow and mean ascending aortic-right atrial pressure differences at each level of chest compression force) ( fig. 3 ). In general, both coronary blood flow and the difference between ascending aortic and right atrial pressures were highest during the relaxation phase of each chest compression cycle (fig. 4) . The pattern of coronary flow during actual chest compression was more variable, ranging from low levels of forward flow to low levels of retrograde flow.
The ascending aortic-right atrial pressure difference generated by chest compression was dependent upon the state of lung inflation. The first compression-relaxation cycle after lung inflation produced higher mean pressure differences than did any subsequent cycle ( fig. 5A ). Pressure differences during the remaining four cycles were all similar. A trend toward increased coronary flow in the cycles after lung inflation was also apparent, although these differences were not statistically significant ( fig. 5B) Although we did not attempt to measure myocardial oxygen requirements directly, coronary flow was always well below levels appropriate for myocardial metabolic demands during ventricular fibrillation. 8 This distribution of blood flow during CPR reflects the relative pressure differences generated across the carotid and coronary circulations. Recent studies have demonstrated that external chest compression produces a generalized increase in intrathoracic pressure, with little or no direct compression of the heart.A4 Differential transmission of this increased pressure to extrathoracic arteries and veins creates a substantial pressure difference across the carotid circulation, and therefore an effective driving force for carotid blood flow. However, generalized changes in intrathoracic pressure have little effect on coronary arteriovenous pressure differences, since the entire coronary circulation lies within the chest. Thus, the potential driving force for coronary blood flow during closed-chest CPR is inherently limited. Although autoregulatory mechanisms normally maintain coronary flow at or near levels sufficient to meet myocardial oxygen demands, compensation is incomplete when perfusion pressure falls below a critical level (determined by myocardial oxygen requirements, and averaging approximately 60 mm Hg in a beating heart).' As a result, coronary blood flow is a function of perfusion pressure in the low range,9 and cannot occur without an arteriovenous pressure difference.
Based on these considerations and the assumption that generalized pressure changes are solely responsible for forward blood flow during CPR, we expected coronary flow to be absent during closed-chest resuscitation. Although our findings strongly support these basic concepts, we did observe small ascending aorticright atrial pressure differences and low levels of coronary blood flow when CPR was performed with highforce chest compression. The cause of this pressure difference (and therefore coronary blood flow) is uncertain. High compression force CPR, by causing greater sternal deflection, may produce some direct heart compression in addition to a generalized increase in intrathoracic pressure. However, selective aortic or ventricular compression seems unlikely in view of the anatomic relationship between the sternum, great vessels and cardiac chambers. Furthermore, the mean ascending aortic-right atrial pressure difference during CPR was highest in the cycle immediately after lung inflation ( fig. 5A) , a circumstance in which the separation between the sternum and vertebral column is increased. This observation is indirect evidence against cardiac compression as a major factor. An alternative possibility is that high-force chest compression produces regional differences in intrathoracic pressure that are transmitted to the underlying cardiac chambers and great vessels. Whether significant pressure differences can develop in the limited extravascular space Coronary flow also tended to be higher after lung inflation (cycles I and 2), although differences between cycles were not statistically sig- 
